I
ncreased adherence of leukocytes to the endothelium and their transmigration into the arterial wall is one of the earliest events in atherogenesis. Immunohistochemical investigations have demonstrated the presence of monocytes/macrophages in human early atherosclerotic lesions, 1 and the kinetics of adherence and emigration of blood-borne monocytes into developing lesions have been lucidly analyzed in experimental animals. [2] [3] [4] [5] [6] In addition to monocytes, T lymphocytes also accumulate in the human atherosclerotic intima. [7] [8] [9] [10] It has been estimated that approximately 80% of cells in the early lesion are monocytes/macrophages, and 10% to 20% are T lymphocytes. 11 Directed leukocyte trafficking is regulated by a coordinate expression of adhesion molecules and by locally generated chemokines, the latter acting by direct chemoattractant effects and by regulating the affinity of integrins for their ligands. [12] [13] [14] [15] Accordingly, monocyte and T-lymphocyte recruitment into early atheromatous lesions must involve changes in endothelial adhesiveness for these cells. Enhanced attachment of monocytes to endothelial cells (ECs) has been observed in vitro after exposure of the cells to oxidized LDL (ox-LDL) 16 -18 and to VLDL, 19, 20 and ox-LDL has been shown to mediate upregulation of adhesion molecules in these cells. 18, [21] [22] [23] Schwartz et al 24 demonstrated that the enhanced binding of monocytes to ECs treated with minimally modified LDL was mediated by the selective induction of chemokines. Furthermore, ox-LDL induced pro-duction of chemokines in monocytes/macrophages, and enhanced transmigration of monocytes through endothelialsmooth muscle cell cocultures after treatment with ox-LDL, 25, 26 a process that was mainly attributable to the induction of monocyte chemoattractant protein-1 (MCP-1). 27 Although ox-LDL is generally considered to be a major agent responsible for initiating and sustaining the pathological process in atherosclerosis, we are considering another type of LDL modification to be of importance. We have found that nonoxidative, enzymatic degradation of LDL (E-LDL) by lysosomal enzymes transforms this, but not other lipoproteins, to a moiety that rivals ox-LDL in its atherogenic potential. 28 E-LDL is rapidly internalized by macrophages by means of a scavenger receptor-dependent pathway. Macrophage foam cells thereby produce and release large quantities of MCP-1 in the virtual absence of interleukin-1 (IL-1), IL-8, and tumor necrosis factor-␣ (TNF-␣) production. 29 At high concentrations, E-LDL is cytotoxic to human macrophages. E-LDL displays the same micromorphology as lipid droplets that have been isolated from atherosclerotic lesions, 30 and E-LDL activates complement in vitro. 28 Complement activation is in fact a prominent, consistent feature of the atherosclerotic lesion. 30 -32 An important role for complement in lesion development is indicated by the fact that complement C6-deficient rabbits are markedly protected against development of diet-induced atherosclerosis. 33 Direct evidence for the presence of E-LDL in early human lesions has been obtained by the use of specific monoclonal antibodies that recognize epitopes on E-LDL, but not on native or ox-LDL. 34 Extensive extracellular accumulation of E-LDL was observed in colocalization with activated complement at the earliest stages of lesion development. In contrast, ox-LDL is only sparsely present in early lesions, does not activate complement, and differs micromorphologically from E-LDL and from LDL derivatives isolated from atheromas. For these reasons, we are considering that LDL may be transformed to an atherogenic moiety predominantly by combined enzymatic alteration rather than solely by oxidation.
We questioned whether E-LDL might promote adhesion of blood cells and induce their transmigration through endothelial cell monolayers. The affirmative results further support our alternative hypothesis on the pathogenesis of atherosclerosis.
Methods

Isolation and Culture of Endothelial and Smooth Muscle Cells
Primary human ECs were isolated from umbilical cord veins using collagenase/dispase and were cultivated in EC growth medium (PromoCell) at 37°C in 5% CO 2 . The medium was supplemented with 1% FCS, 0.5 ng/mL human recombinant basic fibroblast growth factor-␤, 0.5 ng/mL human recombinant epidermal growth factor, 25 mg/L gentamycin, and 1.25 mg/L amphotericin B. In addition to the typical cobblestone morphology, purity of ECs was ascertained by positive staining for von Willebrand factor (rabbit anti-human vWF, Sigma). Smooth muscle cells (SMCs) were obtained from pieces of human aortas obtained during aneurysm surgery (7 donors, mean age, 72 years; range, 45 to 87 years; 6 men, 1 woman) by courtesy of Dr W. Schmiedt, Department of Heart and Thoracic Surgery, University of Mainz. Media fragments from the human aorta were prepared, and SMCs were obtained by outgrowth 35 in medium containing 1 ng/mL human recombinant basic fibroblast growth factor-␤, 5 ng/mL human recombinant epidermal growth factor, 25 mg/L gentamycin, and 1.25 mg/L amphotericin B. The purity of SMCs was evaluated by staining with a monoclonal antibody directed against SMC-specific ␣-actin (clone 1A4, Sigma). The explants were incubated at 37°C in 5% CO 2 in a humidified atmosphere. Medium was changed every 3 days for both ECs and SMCs. Twenty-four hours before the experiments, ECs and SMCs were kept in DMEM (Gibco BRL) without any additives. All experiments with ECs or SMCs were performed before passage 5. 36
Isolation of Leukocytes
Human monocytes depleted of platelet contaminants were isolated from buffy coats of healthy blood donors (courtesy of the University of Mainz Blood Bank) by density-gradient separation. 37 Purity was Ͼ95% as determined by flow cytometry, and viability was Ͼ95% as determined by trypan blue exclusion. In addition, human myelomonocytic HL-60 cells (German Collection of Microorganisms and Cell Cultures), which were maintained in RPMI medium supplemented with 10% FCS, 1 mmol/L glutamine, 1% sodium pyruvate, 100 U/mL penicillin, and 100 g/mL streptomycin (Gibco-BRL), were used. Medium was changed every 3 days. Twenty-four hours before the experiments, monocyte differentiation was induced by addition of 1-␣-25-dihydroxy-vitamin D 3 (50 ng/mL) and transforming growth factor-␤ (TGF-␤) (1 ng/mL), resulting in a monocyte-specific antigen expression pattern for CD14, CD11b, CD18, and CD87, as determined by flow cytometry (data not shown).
T lymphocytes were isolated using Ficoll density-gradient centrifugation followed by formation of rosettes with sheep red blood cells (Virion). Contaminating erythrocytes were removed by treatment with lysis buffer (0.15 mol/L NH 4 Cl, 10 mmol/L KHCO 3 , 0,1 mmol/L EDTA). Viability of T lymphocytes was Ͼ99% by trypan blue exclusion and purity was Ͼ97%.
For adhesion or transmigration experiments, isolated leukocytes were adjusted to 1ϫ10 6 cells/mL in DMEM.
LDL Isolation
LDL was isolated from human fasting plasma by preparative ultracentrifugation using KBr gradients according to a modified protocol by Lindgren et al. 38 Plasma was obtained from healthy blood donors lacking hypertension, diabetes, or signs of ischemic heart disease and not taking any medication. To prevent artificial oxidation of LDL, it was dialyzed against Tris-NaCl buffer containing 1 mmol/L EDTA and stored at 4°C for up to 2 weeks. The cholesterol content was determined using an enzymatic test (Boehringer-Mannheim), and the protein content was analyzed using the Bradford method (Roth).
Lipoprotein Modifications
Enzymatic and oxidative modifications of native LDL were conducted as described. 28 Briefly, LDL was treated with trypsin (6.6 g/mL, Sigma), cholesterol esterase (40 g/mL, BoehringerMannheim), and neuraminidase (79 mU/mL, Behring). For extensive oxidative modification of LDL, CuSO 4 (50 mol/L) was used according to the classic protocols. 39 The absence of oxidation products in E-LDL was verified by the determination of thiobarbituric-reactive substances (TBARS) to quantify lipid peroxidation products. Modified lipoproteins were stored at 4°C and used within a week. During LDL preparation and subsequent modification, general precautions were taken to avoid LPS contamination, and regular control assays with the Limulus endotoxin assay (E-Toxate, Sigma) yielded negative results.
Adhesion Assay
For adhesion studies, ECs or SMCs were seeded in 96-well dishes and allowed to proliferate to confluence (approximately 48 hours). After 24-hour growth in DMEM without additives, EC or SMC monolayers were stimulated with native LDL, E-LDL, or ox-LDL at 37°C. Cells incubated with medium alone, with LPS (1 g/mL), or with phorbol 12-myristate 13-acetate (PMA, 10 ng/mL) served as negative, positive, or positive controls, respectively. In addition, medium containing the enzyme-mix alone was used, which did not result in any alteration of monocyte or T-lymphocyte adhesion. After rinsing twice with warm, serum-free medium, 5ϫ10 5 monocytes, HL-60 cells, or T lymphocytes were added to each well. After the stated time of incubation, nonadherent leukocytes were rinsed off twice with DMEM. This procedure did not affect the integrity of the monolayers as determined by phase-contrast microscopy. The number of attached leukocytes was determined using three different methods. (1) The number of adherent leukocytes was counted in each of 10 high-power fields. (2) For screening a large number of conditions, the leukocytes were labeled with the nontoxic chromophore 2Ј,7Ј-bis-(2-carboxyethyl)-5,6-carboxyfluorescein, acetomethyl ester (BCECF-AM, Molecular Probes) at 5 mol/L for 30 minutes at 37°C before incubation with lipoprotein-treated EC or SMC monolayers. BCECF-AM has no deleterious effects on leukocyte function and additionally serves as an indicator for cell viability. Fluorescent-labeled leukocytes were washed twice in PBS to remove nonincorporated fluorochrome and resuspended in DMEM to a final concentration of 1ϫ10 6 /mL. After termination of the adhesion assay, nonadherent cells were rinsed off, and the remaining, firmly adherent leukocytes were lysed with 0.5N NaOH. Fluorescence was determined in a fluorescence plate reader (Titertec, Fluoroscan II; excitation 485 nm, emission 538 nm). (3) In some experiments, monocytes and monocyte-like cells were labeled with [ 3 H]thymidine, and the number of adherent cells was determined by counting the solubilized leukocytes in a ␤-counter (Beckman Instruments, LS6000 TA). Results obtained with this assay were essentially the same as with the fluorimetric method or optical counting. For fluorochrome or radioactive adhesion assays, standard curves with known numbers of labeled leukocytes were tested in parallel.
Transmigration Assays
For transmigration studies, we used a similar system as that described by Taylor et al. 40 Human ECs (2ϫ10 5 /cm 2 ) were seeded onto polycarbonate membranes (5.0-m pore size) of transwell inserts closely fitted into 24-well plates (Nunc) and allowed to grow for a further 48 hours. Then, medium containing E-LDL, ox-LDL, or LDL at 50 g/mL was introduced beneath the filter supporting the EC monolayer for 4 hours. The lipoproteins were thus present in the subendothelial space, which would most closely resemble in vivo conditions. Medium alone, or medium containing fMLP (1ϫ10 Ϫ8 mol/L) or LPS (1 g/mL), served as negative or positive controls, respectively. Incubation of endothelial cells with the enzyme mix alone, which was used to generate E-LDL, had no effect on the transmigration of monocytes or T lymphocytes. For T-lymphocyte analyses, the medium containing E-LDL had to be removed after the 4-hour endothelial stimulation because subsequent exposure of T lymphocytes to E-LDL resulted in cytotoxic effects that created artifacts. For migration studies, 1ϫ10 6 /mL fluorochrome-labeled leukocytes (5ϫ10 5 /well) were presented to the endothelial side of the filter in the absence or presence of stimuli in lower or subendothelial compartment (trans) and allowed to migrate through the filter for 90 minutes. Thereafter, the medium below the filter was recovered, and the leukocytes that had migrated through the EC monolayer and those that were removed from the lower filter surface by gentle scraping with a rubber policeman were quantified by counting or by determination of total fluorescence. Because the integrity of the endothelial monolayer is crucial for the reliability of the assay, filters were stained with Giemsa after completion of the assays, and only those wells that showed intact endothelial cell monolayers were evaluated. In addition, selected filters were embedded in epoxyresin, cut in a microtome, and evaluated microscopically.
Expression of Adhesion Molecules
ECs were plated in 96-well microtiter wells and subjected to treatment with E-LDL, ox-LDL, LDL, or LPS (1 g/mL) for 30 minutes to 4 hours. Supernatants were then discarded, and the cells were washed 3 times with cold PBS. Incubation with fluoresceinlabeled mouse anti-human ICAM-1 (CD54, R&D), plateletendothelial cells adhesion molecule-1 (PECAM-1) (CD31), E-selectin (CD62E), or P-selectin (CD62P) (all from Camon) was conducted for 1 hour. As a negative control, an isotype-matched antibody against an irrelevant antigen was used. After washing twice with ice-cold PBS, EC were lysed with 0.5N NaOH and the fluorescence intensity was determined in a Fluoroscan as described for the adhesion assays.
Blocking Experiments
To determine the contribution of individual adhesion molecules to the interaction of leukocytes with lipoprotein-treated EC or SMC, blocking antibodies against ICAM-1, PECAM-1, E-selectin and P-selectin as well as blocking anti-CD11a (all from Camon) and anti-CD18 (Ancell) antibodies were used. Initially, the optimal blocking concentration was selected from dose-response curves performed for each antibody, which was 1:200 for ICAM-1, PECAM-1, and E-selectin and 1:100 for P-selectin. After stimulation of EC or SMC monolayers with the different lipoprotein preparations for 4 hours and 2 washes with DMEM, blocking antibodies directed against the adhesion molecules were applied to the cells for 1 hour at 37°C. Antibodies against the leukocyte function antigens CD11a and CD18 were incubated at 50 g/mL with monocytes or T lymphocytes. After washing in DMEM, the labeled leukocytes were added to ECs, and adhesion was quantified after 90 minutes, as described.
Statistical Analysis
The Kruskall-Wallis test was used to determine the significance of differences in groups with more than 2 variables. To compare differences between control values and the different stimulants, the Mann-Whitney U test was used. Differences were considered significant at PϽ0.05. The results were expressed as meanϮSD. Analysis was performed with SPSS software (SPSS Inc).
Results
Monocyte Adhesion to Cultured Human Endothelial Cells
Treatment of human primary ECs with E-LDL (1 to 100 g/mL) induced a dose-dependent increase in the number of firmly adherent human blood monocytes (Figure 1, left) and of the human monocyte-like HL-60 cells (Figure 1, right) . Monocytes or HL-60 cells were added at an excess of cells (5ϫ10 5 per well), which is equivalent to 7.7Ϯ0.8 cells per EC, based on an average number of 6.5Ϯ0.7ϫ10 4 EC per well (meanϮSD, nϭ6). Under unstimulated control conditions, monocyte adhesion was comparably low, reaching 2% to 9% of monocytes or HL-60 cells added. Maximal adhesion was observed after pretreatment of ECs with 50 g/mL E-LDL for 2 hours, which produced an 8-fold increase in the number of adherent monocytes compared with untreated control cells. A significant elevation of monocyte adhesion to ECs was observed in the presence of only 10 g/mL E-LDL. E-LDL was significantly more active than ox-LDL in stimulating adhesion of human blood monocytes to pretreated ECs (increase by a factor of 8.0 versus 4.8; PϽ0.01). In contrast, both E-LDL and ox-LDL were equally effective in promoting HL-60 cell adhesion. Incubation of ECs with native LDL did not induce monocyte or HL-60 cell adhesion to the monolayers.
Monocyte adhesion was substantially stimulated after only 30 minutes of exposure of ECs to 50 g/mL E-LDL ( Figure  2 ). Adhesion was maximal at 2 hours of E-LDL treatment and was sustained at near maximal levels for at least 8 hours. Kinetic studies confirmed that E-LDL was superior to ox-LDL in stimulating the adhesion of human peripheral blood monocytes (Figure 2A) , whereas similar adhesion kinetics of HL-60 cells were observed for E-LDL and ox-LDL ( Figure  2B ). Monocyte adhesion remained unaltered when ECs were exposed to native LDL. Treatment of ECs with cycloheximide (1 g/mL) 2 hours before the addition of E-LDL markedly reduced monocyte binding, suggesting that protein synthesis was necessary for optimal induction of monocyte adhesion (data not shown). Dose-response curves showed that at the concentration tested, cycloheximide was not toxic for ECs and also did not result in an observable cell loss or disruption of the monolayer.
Adhesion of T-Lymphocytes to E-LDL-Treated Endothelial Cells
Similar to monocytes, adhesion of T-cells was dosedependently increased by pretreatment of ECs with E-LDL ( Figure 3A) . T-cells were added at an excess of cells (5ϫ10 5 per well) yielding a similar ratio as determined for monocyte adhesion assays of approximately 7.7 T-cells per EC. Adhesion under control conditions was in the range of 2% to 8% of T-cells added. However, the extent of T-lymphocyte adhesion was lower compared with monocytes. In the presence of 5 g/mL E-LDL, the number of T lymphocytes adhering to the endothelial monolayer nearly doubled. Maximal effects were observed at 25 g/mL E-LDL at which concentration the number of T lymphocytes increased 4.5- fold. Enhanced binding of T lymphocytes began after only 15 minutes of EC exposure to E-LDL and reached maximal levels after 30 minutes of incubation ( Figure 3B ). Binding was sustained for at least 8 hours. As opposed to the selective effect induced by modified lipoproteins, LPS stimulated a nonselective adhesion of monocytes and T-cells to pretreated ECs (data not shown).
E-LDL Stimulates Transmigration of Monocytes and T-Lymphocytes Through Endothelial Monolayers
EC monolayers were grown on polycarbonate membranes, and stimuli were introduced into the subendothelial compartment for 4 hours. Then, monocytes or T lymphocytes were added to the upper compartment and transmigration was allowed to proceed for 1.5 hours. E-LDL induced a dosedependent stimulation of both monocyte and T-lymphocyte transmigration (Figure 4 ). Maximal transmigration of monocytes with a 6.2-fold increase was observed with 50 g/mL E-LDL ( Figure 4A ). Migration of T lymphocytes was less pronounced but still was significantly augmented approximately 3-fold compared with the migration observed in untreated control wells ( Figure 4B ).
The effect of E-LDL on monocyte and T-lymphocyte transmigration was comparable with that induced by the classic chemoattractant fMLP and by LPS ( Figure 5 ). Particularly with regard to stimulation of monocyte transmigration, E-LDL appeared to be more effective than ox-LDL applied at the same concentration (50 g/mL) (increased by a factor of 6.2 versus 4.1; PϽ0.01) and was also more effective in enhancing T-lymphocyte transmigration (increased by a factor of 3.3 versus 2.0; PϽ0.05). Incubation of endothelial monolayers with native LDL did not significantly enhance monocyte or T-lymphocyte migration.
Leukocyte Adhesion to Human Smooth Muscle Cells
To exert their pathological role in atherogenesis, after transmigration infiltrating leukocytes must be retained in the intima. In addition to their interaction with extracellular matrix components, leukocytes may adhere to intimal SMCs. We evaluated the adhesion of monocytes and T lymphocytes to human aortic SMCs that had been pretreated with different concentrations of E-LDL, ox-LDL, or native LDL ( Figure 6 ). As opposed to EC, treatment of SMCs with both E-LDL and ox-LDL induced a more pronounced adhesion of T lymphocytes compared with monocytes. Again, the effect of E-LDL treatment was significantly stronger than that induced by ox-LDL. After a 4-hour incubation with only 25 g/mL E-LDL, adhesion of T lymphocytes to SMCs was enhanced 6-fold. Treatment of SMCs with native LDL had no effect on leukocyte adhesion.
Distinct Pattern of Adhesion Molecule Expression by Endothelial and Smooth Muscle Cells
The induction of adhesion molecule expression was evaluated with a cell ELISA (Figure 7) , and the results obtained with ECs ( Figure 7 , left) and SMCs (Figure 7 , right) after stimulation with E-LDL for 4 hours are shown. In ECs, constitutive expression of ICAM-1 was stimulated in the presence of 10 g/mL E-LDL and maximal ICAM-1 expression was observed at 50 g/mL, resulting in a 3.8-fold increase. Similarly, E-selectin expression peaked at 50 g/mL (fluorescence intensity 340Ϯ44) compared with unstimulated ECs. Most pronounced was the induction of PECAM-1 expression on ECs, which reached 5-fold values over baseline and was observed over a broad range of concentrations. P-selectin expression was less pronounced, to approximately 2-fold values.
Substantial induction of ICAM-1 expression was observed on SMCs. Here, only 10 g/mL E-LDL produced maximal ICAM-1 expression (factor of 4 over baseline). As expected, the endothelial markers PECAM-1 and P-selectin were not expressed by SMCs. There was a slight but consistent stimulation of E-selectin in the presence of low E-LDL concentrations.
Kinetics of Adhesion Molecule Expression by Endothelial and Smooth Muscle Cells
Expression of adhesion molecules provoked by E-LDL followed distinct kinetics. Endothelial expression of P-selectin was elevated as early as 15 minutes after E-LDL application and slowly declined after 30 minutes ( Figure 8A ). Enhancement at 15 minutes was 4-to 5-fold, and still approximately 2-fold at 4 to 8 hours. Unlike P-selectin, other adhesion molecules appeared later in the course of E-LDL stimulation. ICAM-1 and PECAM-1 expression increased after 4 hours of E-LDL incubation, was maximal within 8 hours, and then gradually declined. At 24 hours, levels remained slightly above baseline. In contrast, E-selectin showed an increase at 4 hours and returned to baseline at 24 hours.
In SMCs, ICAM-1 expression peaked at 4 hours and still showed elevated levels at 8 hours of E-LDL incubation ( Figure 8B) . Expression of E-selectin was only slightly augmented at 4 hours. As controls, the EC markers PECAM-1 and P-selectin were determined, and they remained unaltered during the 24-hour incubation period.
Comparison of Endothelial Cell and Smooth Muscle Cell Adhesion Molecule Expression by E-LDL, Ox-LDL, or Native LDL
To evaluate adhesion molecule expression induced by differently modified LDL, EC or SMC monolayers were stimulated with E-LDL, ox-LDL, or native LDL for 4 hours (Figure 9) . Because of the different susceptibility to E-LDL, ECs ( Figure  9A ) were stimulated with 50 g/mL, whereas SMCs were incubated with 10 g/mL ( Figure 9B) . Both E-LDL and ox-LDL were equally effective in increasing endothelial expression of ICAM-1, E-selectin, and P-selectin. E-LDL was significantly more effective in the induction of PECAM-1 expression compared with ox-LDL. Incubation of ECs with native LDL resulted in a minor elevation of ICAM-1 expression, and the other adhesion molecules remained unaltered. In SMCs, E-LDL increased expression of ICAM-1 to a greater extent than ox-LDL. A slight induction of E-selectin expression was observed with both E-LDL and ox-LDL. Native LDL did not affect adhesion molecule expression in SMCs.
Functional Analysis of Adhesion Molecules on Endothelial Cells
The contribution of ICAM-1, PECAM-1, P-selectin, and E-selectin to monocyte adhesion ( Figure 10 , black bars) and transmigration ( Figure 10 , white bars) was investigated by incubation of E-LDL-stimulated ECs (50 g/mL) with blocking antibodies. ICAM-1 was the single most important molecule responsible for monocyte adhesion because blocking of ICAM-1 reduced monocyte adhesion to ECs by approximately 60%. Additional blocking of P-selectin produced only a minor further reduction of adhesion that was not influenced in the presence of any third antibody. Blocking of E-selectin or PECAM-1 did not significantly reduce monocyte adhesion. Notably, blocking antibodies to PECAM-1 reduced transmigration to less than 50% of the control.
Discussion
This study demonstrates that E-LDL induces the expression of a distinct pattern of adhesion molecules and selectively increases the adhesive properties of human primary ECs and of human aortic SMCs for monocytes and T lymphocytes. Dose-and time-dependent increases in the number of adherent blood monocytes and T lymphocytes to E-LDL-treated ECs were noted. These effects were also found with monocyte-like human HL-60 cells. Increases in the adhesive properties of the endothelium are thought to be crucial for the initiation of atherosclerosis. 41 In experimental animals, prelesional nascent stages are indeed characterized by preferential adherence and intimal penetration of blood-borne monocytes. 4, 5 In addition to monocytes, T lymphocytes are present in human early atherosclerotic lesions. 7,9 -11,42,43 Our in vitro data show that adhesion of both cell types significantly increased as early as 30 minutes after exposure of ECs to E-LDL. In the absence of cytotoxic effects on ECs, cycloheximide blocked the increase in leukocyte binding, suggesting that E-LDL may induce the synthesis of specific adhesion proteins. However, the relatively rapid increase of leukocyte adhesion observed indicates that mechanisms other than de novo protein synthesis may be involved. In accordance with published data, ox-LDL also enhanced monocyte and T-lymphocyte adhesion to ECs, the effects being somewhat less pronounced than those induced by E-LDL. The magnitude of monocyte-endothelial interactions induced by ox-LDL was comparable with that observed by other investigators. 16, 24, 44 Similar to our results with E-LDL, minimally modified LDL induced monocyte but not neutrophil adhesion to ECs (data not shown), whereas LPS induced adhesion of both cell types. 44 LDL modified by incubation with EC-SMC cocultures also did not induce increased adhesion of neutrophils. 27 The reduced adhesion of monocytes and T lymphocytes to ECs or SMCs treated with high concentrations of E-LDL (Ͼ100 g/mL cholesterol) is likely to be explained by a cytotoxic effect of E-LDL (data not shown). At concentrations up to 50 g/mL E-LDL, however, no significant cytotoxic effects occurred even after prolonged exposure for up to 24 hours.
In the natural course of lesion progression, adhesion of leukocytes to the endothelium is followed by transmigration into the subendothelial space. Our data show that E-LDL not only increased the selective adhesion of monocytes and T lymphocytes, but also promoted their transmigration through EC monolayers. The enhancement of monocyte transmigration was more pronounced than that of T lymphocytes and was comparable to the migration induced by fMLP. Accentuated transmigration of monocytes has previously been observed in a coculture model of ECs and SMCs treated with cell-modified LDL. 26, 27 Enhanced migration of monocytes was shown to occur in an animal model of diet-induced atherosclerosis as well. 2, 3 These authors demonstrated that more than 90% of monocyte migration induced by cellmodified LDL was attributable to the induction of MCP-1 by EC-SMC cocultures. 27 That MCP-1 induction by minimally modified LDL was required for stimulation of monocyte-EC adhesion was also observed by Berliner et al. 44 We have shown previously that E-LDL potently and selectively stimulates the expression MCP-1 by human macrophage foam cells 29 ; thus MCP-1 may also be a causative factor in our model.
Migration of T-cells in developing atheromatous lesions has not been systematically addressed in vitro. We analyzed human peripheral T-cells in the same transmigration model as established for blood monocytes. A significant enhancement of T-cell adhesion to E-LDL-pretreated ECs and enhanced transmigration were apparent. Our results are reminiscent of vital observations showing large numbers of T-cells in human prelesional areas, fatty streaks, and cap regions of full-grown atheromas. 10, 11, 42, 43 Similar findings have been made with cholesterol-fed experimental animals. 45 The selective recruitment of monocytes and T-cells to the subendothelial space is likely to be the result of a local induction of adhesion molecules and chemotactic factors by lesional atherogenic LDL. Indeed, enhanced local expression of adhesive molecules including ICAM-1 and E-selectin has been detected in human atheromatous lesions. 46, 47 The present study was restricted to an analysis of adhesion molecules, and the potential significance of chemokine production has yet to be defined. We observed a significant induction of ICAM-1, PECAM-1, E-selectin, and P-selectin, of which particularly ICAM-1 and P-selectin were required for the maximal mediation of monocyte adhesion. These results compare well with recent data by Duplaa et al 47 showing a marked increase in the expression of ICAM-1 and E-selectin on ECs adjacent to previously recruited macrophages in human atheromatous lesions. In fact, enhanced circulating EC adhesion molecules were observed in patients with atherosclerosis, and soluble ICAM-1 has been suggested as a marker for EC activation in atherosclerosis. 48 In addition to ICAM-1/␤ 2 -integrin-mediated adhesion of monocytes, vascular cell adhesion molecule-1 (VCAM-1)/VLA4 interactions contribute to firm adhesion of leukocytes. We did not address this additional mechanism of regulation, which is known to be involved in ox-LDL-mediated adhesion of monocytes to ECs. In contrast, experiments with blocking antibodies indicated that PECAM-1 might be more important for monocyte transmigration, as had been shown for granulocyte trafficking. 49 However, interactions of high-affinity Fc receptors on monocytes with the Fc portions of blocking antibodies may also be responsible for the lack of effect on adhesion by anti-PECAM-1 antibodies and the unexpectedly minor blocking effects produced by antibodies directed against E-selectin and P-selectin. Therefore, the possibility that the adhesion effects observed are mediated by Fc receptors is not excluded by the methods used. In line with our results, E-selectin was observed on ECs in atherosclerotic lesions with immunohistochemistry in vivo. 50 The E-LDL-mediated upregulation of P-selectin may reflect its rapid transfer from internal stores to the cell surface. In contrast, the later and more sustained expression of ICAM-1 and PECAM-1 is likely because of a de novo synthesis induced by E-LDL, which is supported by the lack of adhesion induction in the presence of protein synthesis inhibitors.
Retention of transmigrated cells in the subendothelium might be influenced by their interaction with SMCs. We found that E-LDL indeed promoted expression of ICAM-1 in these cells, which in turn enhanced the adhesion predominantly of T lymphocytes. The expression of ICAM-1 by human SMCs has been observed after stimulation with TNF-␣. 51, 52 These collective findings would be in accordance with the concept that E-LDL may stimulate ECs to selectively recruit monocytes and T-cells at an early stage of fatty streak formation. Once large numbers of macrophages and T-cells are present, there is a high potential for further enzymatic modification of LDL. Together with chemotactic factors generated by complement activation and by macrophagefoam cells, E-LDL may sustain monocyte and T-cell migration into the vessel wall, thus promoting lesion progression. Thereby, monocyte migration into the subendothelium may also perpetuate atherogenesis, inasmuch as enhanced insuda- Figure 9 . Induction of adhesion molecule expression by E-LDL, ox-LDL, or native LDL. After pretreatment of ECs (A) or SMCs (B) with E-LDL (black bars), ox-LDL (gray bars), or native LDL (white bars), the expression of adhesion molecules as indicated was measured by cell ELISA. Treatment was conducted for 4 hours at 50 g/mL for ECs and at 10 g/mL for SMCs. Results represent mean values of 3 different experimentsϮSD, each with triplicate cultures for each experimental condition; *differences were significant at PϽ0.05. Figure 10 . Contribution of adhesion molecules for E-LDLinduced monocyte adhesion and transmigration. After stimulation of ECs with E-LDL (50 g/mL) for 4 hours and incubation with blocking antibodies directed against adhesion molecules as indicated for 1 hour, monocyte adhesion (black bars) or transmigration (white bars) was performed and quantified as described. Results are means of 3 different experimentsϮSD, each with triplicate cultures for each experimental condition; *differences were significant at PϽ0.05. tion of native LDL across EC barriers appears to accompany cell transmigration. 53 Once having entered the vessel wall, inflammatory cells may be retained by interactions with proteoglycans 54, 55 and with adhesion molecules expressed on tissue cells. In this regard, our observation that ICAM-1 is upregulated on SMCs on exposure to E-LDL could be of relevance.
Overall, this study thus goes further to identify E-LDL as a potentially relevant initiator of atherosclerosis, rivaling ox-LDL in its potency to stimulate adhesion and transmigration of monocytes and T lymphocytes through EC monolayers. Inasmuch as the molecular mechanisms underlying these processes require further investigations, the present findings are relevant at this stage because they underscore the fact that LDL need not necessarily be modified by oxidation to acquire important atherogenic properties.
